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Abstract
The pathogenic mechanisms of enteroaggregative Escherichia coli (EAEC) are not well defined. We investigated the interaction of EAEC
strain 236 (serotype O111:H12) with polarised Caco-2 and T84 human intestinal epithelial cells lines, and with human jejunal and colonic
mucosa. Strain 236 adhered to both polarised cell lines and to both intestinal tissue types, but caused severe damage and was invasive only in
T84 cells and colonic mucosa. In contrast, prototype EAEC strain 042, which also adhered to the cultured intestinal cell lines, did not adhere
to or invade jejunal or colonic tissue. These observations suggest a heterogeneity of virulence properties within the EAEC category of
diarrhoea-causing E. coli. ß 2001 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Enteroaggregative Escherichia coli (EAEC) comprise a
group of E. coli strains that share the ability to produce an
aggregative adherence (AA) pattern in HEp-2 and HeLa
cells [1]. AA is characterised by a stacked brick-like ar-
rangement of bacteria that allows EAEC to be distin-
guished from enteropathogenic E. coli (EPEC) and dif-
fusely adherent E. coli, which produce distinct localised
and di¡use patterns of adherence, respectively.
Epidemiological studies have shown that EAEC strains
are epidemiologically associated with persistent diarrhoea
in children in developing countries and with outbreaks of
diarrhoea [2].
The AA property has been associated with the presence
of a high molecular mass plasmid (pAA) in various EAEC
strains [3]. A functionally unknown segment obtained
from this plasmid has been used as a genetic probe
(EAEC probe) in hybridisation assays to detect the AA
phenotype in E. coli strains [4]. This plasmid, which is
apparently conserved among EAEC strains, encodes puta-
tive virulence factors including one of two ¢mbrial adhe-
sins designated aggregative adherence ¢mbria I and II
(AAF/I and AAF/II), the EAEC heat-stable toxin 1
(EAST1), and the EAEC plasmid-encoded toxin [5]. Other
pAA genes are aspU (that encodes a cryptic secreted pro-
tein) and shf (that is a cryptic open reading frame) [5].
Some EAEC strains also possess chromosomal genes
that encode other putative or established virulence factors:
the E. coli K-hemolysin (hly) [6], the Shigella £exneri en-
terotoxin (she or pic) and the Yersiniabactin (irp2) [5].
To examine EAEC adherence, Knutton et al. [7] ana-
lysed a collection of 44 EAEC strains isolated from infants
with diarrhoea in India and the UK and showed that all
44 strains adhered to colonic, but not to duodenal, muco-
sa. Hicks et al. [8] examined the interaction of ¢ve EAEC
strains belonging to various serogroups using in vitro or-
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gan cultures (IVOC) from di¡erent regions of paediatric
intestinal mucosa (jejunum, ileum and colon) and ob-
served that these strains were able to adhere to the di¡er-
ent parts of the gut with di¡erent intensities. Cytotoxic
e¡ects on colonic mucosa included microvillus vesicula-
tion, enlarged crypt openings, the presence of intercrypt
crevices, and increased epithelial cell extrusion. Prototype
strain 042 caused similar lesions in the same IVOC model
[9]. Strain 042 also adhered intensively to the apical sur-
face of polarised T84 cells in culture (which are phenotypi-
cally similar to colonic cells) and caused severe toxic ef-
fects including microvillus membrane vesiculation, sub-
nuclear vacuolisation and cell exfoliation, but did not ad-
here to Caco-2 cells (cells that express brush-border en-
zymes similar to those of the small intestinal epithelium)
nor was there internalisation of this strain into either cell
line [9].
Thus, the EAEC category includes strains with di¡erent
colonising abilities [8] and di¡erent combinations of puta-
tive virulence genes [5,10]. Furthermore, not all EAEC
strains cause diarrhoea in the human volunteer model
[11]. Moreover, EAEC strains belong to a very large array
of E. coli O serogroups. Some of these serogroups are
shared by E. coli strains of the EPEC category, but their
H types di¡er. Serotypes of EAEC strains belonging to
EPEC serogroups include O111:H12 [12^14], O125:H21
[15], and O128:H35 [16]. Since at least some of these se-
rotypes have been epidemiologically associated with diar-
rhoeal diseases over at least 50 years [17], it is not known
whether strains of these serotypes share virulence mecha-
nisms characteristic of prototype strain 042. To further
elucidate this aspect, we examined the interaction of one
EAEC strain belonging to EPEC serotype O111:H12 with
polarised Caco-2 and T84 intestinal cells, and with human
jejunal and colonic mucosa.
2. Materials and methods
2.1. Strains
Strain 236 (O111:H12), previously isolated from a stool
specimen of a child with acute diarrhoea in Sa‹o Paulo,
Brazil, and characterised as EAEC on the basis of a char-
acteristic AA pattern in HeLa cells [13], was selected for
study. Prototype EAEC strain 042 (O44:H18), isolated
from a child with diarrhoea in Lima, Peru [18], was in-
cluded as a positive control. Strains were routinely grown
on Luria broth for 18 h at 37‡C.
2.2. Cell culture and cell association assays
In vitro cell culture adhesion assays were performed
essentially according to the method of Cravioto et al.
[19], but adapted to Caco-2 and T84 cell lines. Caco-2 cells
were grown on plastic or on glass coverslips in 6- or 24-
well tissue-culture plates in bicarbonate-bu¡ered Eagle’s
minimum essential medium (Sigma) containing 20% new-
born calf serum (NCS); T84 cells were grown in a 1:1
mixture of Ham F12 and Dulbecco’s modi¢ed Eagle’s me-
Fig. 1. Scanning electron micrographs of polarised Caco-2 and T84 cells in culture infected for 6 h with EAEC prototype strain 042 and strain 236 (se-
rotype O111:H12). Strains 042 and 236 adhered to Caco-2 (A,B, respectively), but more intensely to T84 cells (C,D, respectively) in an AA pattern.
Scale bars: 10 Wm.
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Fig. 2. Transmission electron micrographs showing bacterial adhesion to polarised Caco-2 cells following a 6-h infection. EAEC prototype strain 042
(A) and strain 236 (B) adhere to Caco-2 cells by means of ¢mbrial structures that also promote bacteria^bacteria aggregation. Scale bars: 0.2 Wm.
Fig. 3. Transmission electron micrographs showing bacteria^cell association in polarised T84 cells following a 6-h infection. A: Uninfected T84 cells.
T84 cells infected with EAEC strains 042 (B) and 236 (C) were severely damaged, which included damage to the cell apical membrane (D), vacuolisa-
tion (*) and loss of cytoplasmic contents. In addition, some bacteria were seen internalised inside membrane-bound endocytic vacuoles (arrowheads)
within the T84 cells (D,E) or lodged in intercellular spaces between cells (D). Scale bars: 5 Wm (A^D) and 1 Wm (E).
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dium (Sigma) containing 10% NCS. Overnight bacterial
broth cultures were diluted 1:50 in culture medium and
incubated with cells for 6 h at 37‡C. Cells were thoroughly
washed to remove non-adherent bacteria and ¢xed in glu-
taraldehyde prior to preparation for microscopical exami-
nation.
2.3. IVOC association assay
Jejunal and colonic mucosal biopsies were obtained
from paediatric patients (age ranged from 3 to 12 years)
with ethical approval and parental consent. Biopsies were
maintained and assayed in NCTC109 medium (Sigma)
supplemented with 5% NCS as previously described [7].
Bacterial strains were added to the culture medium (1:50
dilution), and the preparations incubated for 8 h at 37‡C
in an atmosphere of 95% O2^5% CO2. The culture me-
dium was changed once or twice during the 8-h incubation
if it became acidic. At the end of the incubation period,
biopsy samples were thoroughly washed prior to ¢xation
and processing for scanning (SEM) and transmission elec-
tron micrscopy (TEM).
2.4. SEM
For SEM, specimens were ¢xed in 3% bu¡ered glutar-
aldehyde, post-¢xed in 1% osmium tetroxide, dehydrated
through a graded series of ethanol solutions (50, 70, 90,
and 100%) and critical point dried. Samples were mounted
onto SEM stubs, coated with gold and examined in a
JEOL JSM-5300 operated at 25 kV.
2.5. TEM
For TEM, samples were ¢xed with 3% glutaraldehyde in
0.1 M sodium cacodylate bu¡er containing 0.075% ruthe-
nium red, post-¢xed in 1% osmium tetroxide/0.075%
ruthenium red, dehydrated through a graded series of
ethanol (70, 90, and 100%) and propylene oxide solutions
and embedded in Araldite. Semi-thin sections were stained
with 1% toluidine blue for light microscope examination;
ultra-thin sections were stained with uranyl acetate and
lead citrate, and examined in a JEOL 1200EX-II operated
at 80 kV.
3. Results and discussion
E. coli strains of serotype O111:H12 have been fre-
quently associated with diarrhoeal diseases in children in
several coutries [17,20]. In recent years, strains of this se-
rotype were categorised as EAEC [12,13]. Limited knowl-
edge from a limited number of strains exists about the
adherence and pathogenic properties of EAEC. For this
reason, and because E. coli strains of serotype O111:H12
also belong to a major recognised EPEC serogroup, strain
236 (O111:H12) was selected for a study of EAEC^epithe-
lial cell interaction in comparison with the prototype
EAEC strain 042. In recent times, classical adherence as-
says for diarrhoea-causing E. coli performed with HeLa/
HEp-2 cells have been substituted with intestinal cell lines
such as Caco-2 and T84 that better represent di¡erentiated
intestinal epithelial cells from jejunum and colon, respec-
Fig. 4. Scanning electron micrographs of normal uninfected human jejunal (A) and colonic (B) mucosa, and jejunal (C) and colonic tissue (D) infected
with EAEC strain 236 for 8 h. The mucosal surface of both tissues is covered with adherent bacteria, but, in this case, bacteria were not seen to be
present as three-dimensional aggregates. Scale bars: 10 Wm.
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tively [9]. Initially, we examined the interaction of strains
236 and 042 with Caco-2 and T84 cells. Aggregative ad-
hesion of strains 236 and 042 to Caco-2 cells (Fig. 1A,B,
respectively) and T84 cells (Fig. 1C,D, respectively) was
con¢rmed by SEM, although both strains adhered more
densely to T84 than to Caco-2 cells. Interestingly, an ear-
lier study was unable to demonstrate adhesion of strain
042 to Caco-2 cells [9].
The mechanism of adhesion of strains 042 and 236 to
Caco-2 and T84 cells was examined by TEM, using a non-
speci¢c stain, ruthenium red, to visualise bacterial surface
structures including ¢mbriae [21]. Fig. 2 shows that 042
and 236 express rod-like ¢mbriae which promote a non-
intimate adhesion to Caco-2 cell microvilli ; bacteria^bac-
teria aggregation, which gives rise to the characteristic AA
pattern, also appeared to be ¢mbrially mediated. Gene
sequences encoding the AAF/I and AAF/II ¢mbriae
were not found in strain 236, suggesting that the rod-like
¢mbriae produced by this strain may represent a di¡erent
EAEC ¢mbrial adhesin. EPEC produce a characteristic
attaching and e¡acing (A/E) lesion on Caco-2 cells, char-
acterised by intimate bacterial attachment and destruction
of brush-border microvilli [22]. The non-intimate ¢mbrial-
ly mediated bacterial attachment to Caco-2 microvilli con-
¢rms that strain 236, although belonging to an EPEC
serogroup, does not possess the A/E virulence property
and is not an EPEC.
In contrast to their interaction with Caco-2 cells, TEM
revealed that strains 042 and 236 both adhered and were
cytotoxic for T84 intestinal cells (Fig. 3); cell damage after
6 h involved vacuolisation and loss of cytoplasm contents
(Fig. 3B,C). Similar e¡ects were previously described with
strain 042-infected T84 cells [9] and with EAEC-infected
paediatric colonic biopsies [8]. Additionally, strain 236,
but not strain 042, was observed both in intercellular
spaces and inside cells (Fig. 3D,E). The presence of inter-
nalised bacteria within membrane-bound vacuoles suggests
a distinct invasive phenotype rather than direct bacterial
Fig. 5. Light (A^D) and transmission electron micrographs (E,F) of human colonic mucosa infected with EAEC strain 236 for 8 h. A: Normal unin-
fected colonic tissue. After 8 h, strain 236 adhered (B), and in some areas induced, distinct mucosal damage and loss of mucosal epithelial cells (C,D).
Loss of epithelial cells allowed bacteria to penetrate into the sub-mucosa where they became internalised inside cells (arrowheads; D^F). Scale bars: 10
Wm (A^D) and 2 Wm (E,F).
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entry into a cell with a damaged membrane. Employing
the gentamicin protection assay, internalisation of an
EAEC strain (serotype unknown) into HeLa cells was pre-
viously reported [23], and these authors also mentioned
that the invasion ability of the strain could also be ob-
served in HT29 and T84 cells. Thus, an invasive pheno-
type may be a property of a sub-set of EAEC strains.
However, in hybridisation assays performed previously
(data not shown), EAEC strain 236 did not react with
the INV [24] or pLV527 probes [25], both related to E.
coli invasiveness.
In the present study, strains 236 and 042 were also as-
sayed in jejunal and colonic IVOC. Unlike in a previous
report [9], prototype strain 042 did not adhere to jejunal
or colonic mucosa in three experiments performed with
biopsies obtained from di¡erent patients. Strain 236, on
the other hand, showed good association to both jejunal
(Fig. 4C) and colonic (Fig. 4D) mucosa, an observation
which di¡ers from several other studies which showed the
colon to be the preferential site for EAEC colonisation [7^
9,26]. Interestingly, in the IVOC assays, strain 236 did not
form large bacterial aggregates on the mucosal surface,
but rather a single layer of adherent organisms. Bacterial
aggregation and dispersal from bacterial aggregates is a
feature and an important virulence property for some bac-
teria such as EPEC [27]; aggregation and dispersal of bac-
terial aggregates might also be a property of EAEC.
Additionally, in two of three colonic IVOC assays per-
formed, EAEC strain 236 induced distinct epithelial sur-
face damage with loss of mucosal epithelial cells and
penetration of bacteria into cells of the underlying sub-
mucosa (Fig. 5C^F). Loss of mucosal epithelial cells pre-
cluded assessment of the invasive potential of strain 236
for colonic epithelial cells, but clearly this strain must be
cytotoxic for these cells to cause them to be lost from the
mucosa. Strain 236 possesses astA, pic and shf DNA se-
quences (data not shown). Hence, it is possible that the
observed epithelial damage was caused by the production
EAST1, Pic or Shf-like toxins. Except for an irp2 se-
quence, related to yersiniabactin, gene sequences associ-
ated with other putative EAEC virulence factors were
not found (data not shown).
In summary, this study, which examined the interaction
of strain 236 (O111:H12) with human intestinal epithelial
cells and tissue, has con¢rmed that this strain possesses
features characteristic of EAEC including ¢mbrially medi-
ated aggregative adhesion and epithelial cell cytotoxicity
[2]. In addition, the study demonstrated for the ¢rst time
an invasive phenotype speci¢c for colonic mucosa. This
observation and the fact that in an epidemiological study
in Mexico one third of children colonised by EAEC strains
had bloody diarrhoea [28] suggest that epithelial cell inva-
sion may be an important pathogenic property, at least in
a sub-group of strains categorised as EAEC, since inva-
siveness of strain 042, the only proven diarrhoeagenic
EAEC strain, has not been demonstrated.
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